Abstract. Periodontal ligament cells (PDL) are thought to play a major role in promoting periodontal regeneration. Recent studies, focused on characterizing PDL ceils, have been directed at establishing their osteoblast-like properties and determining biological mediators and/or factors that induce osteoblastic cell populations in the PDL. The glucocorticoid, dexamethasone (Dex), has been shown to selectively stimulate osteoprogenitor cell proliferation and to induce osteoblastic cell differentiation in many ceil systems. In the present study the ability of Dex to modulate parathyroid hormone (PTH)-stimulated cAMP synthesis in cultured human PDL cells was examined. PDL cells, obtained from premolar teeth extracted for orthodontic reasons, were cultured with Dex (0-1000 nM) for 7 days prior to PTH (1-34) stimulation. The exposure of PDL cells to Dex resulted in a dose-dependent increase in cAMP production in response to PTH stimulation. This response was seen in cells obtained from three different patients. The first significant Dex effect was seen on day 7 when compared to day 1 for 100 nM Dex. PTH 0-34) stimulation caused a dose-dependent increase in cAMP synthesis after Dex (1000 nM) treatment for 7 days. Conversely, stimulation of the cells with PTH (7-34) (0-1000 nM) did not increase cAMP production in PDL cells after Dex treatment. Forskolin-(1 ~LM) and isoproterenol-(1 ~LM) stimulated cAMP synthesis was not augmented by Dex treatment. Dex treatment did not alter calcitonin-(1 txM) stimulated cAMP production in PDL cells. Glucocorticoid enhancement of PTH-stimulated cAMP synthesis in these cells supports the presence of an osteoblast-like population in the PDL, in vitro.
The ultimate goal for the treatment of periodontal disease is regeneration of mineralized and soft connective tissue components of the periodontal attachment apparatus lost by the inflammatory process. This requires regeneration of fibrous connective tissue, formation of new bone, and reattachment of new connective tissue fibers into newly formed cementum [1] [2] [3] . When appropriately triggered, periodontal ligament (PDL) cells are thought to play an important role in promotCorrespondence to: L. K. McCauley ing periodontal regeneration and alveolar bone homeostasis. Recent studies designed to characterize PDL cells have been directed at establishing their osteoblast-like properties and determining biological mediators and/or factors that influence their regenerative capacity [4] [5] [6] [7] [8] [9] . Cell functions that have been examined under various conditions include migration, attachment, proliferation, and ability of cells to form new bone, cementum, and connective tissue attachment in vivo and in vitro [7, 9, 10] .
It is known that the PDL contains a heterogeneous cell population with a subpopulation of cells having osteoblastic characteristics including high alkaline phosphatase levels, increased cAMP production in response to PTH stimulation, the capacity to form mineral-like nodules in vitro, and increased bone Gla protein production in response to 1,25(OH)2 vitamin D 3 [4, [11] [12] [13] . Although some of the recent studies support the theory that PDL fibroblasts are precursor cells of osteogenic origin, it is still unclear whether mature PDL tissues contain osteogenic progenitor ceils having the capacity, when appropriately stimulated, to differentiate. Characterization of PDL cells at the biochemical and molecular level is necessary to establish the exact role these cells play in periodontal health and regeneration and to improve the success of clinical procedures. Importantly, the PDL in a similar fashion to other ligaments in the body, has a role in the regulation of hard and soft connective tissue. Knowledge obtained as to the factors and/or mediators affecting osteoblastic differentiation of these cells may provide a better understanding of mechanisms controlling hard tissue-ligament interactions in general. Our laboratory has focused on further characterization of the osteoblast-like properties of PDL cells, specifically, the effects of glucocorticolds on PTH-mediated increased cAMP in these cells.
Glucocorticoids modulate the cellular effects of a variety of factors, including other hormones on cell function. Recent evidence suggests that glucocorticoids mediate the presence and function of cellular receptors for other hormones [14, 15] . Dexamethasone (Dex), a potent synthetic glucocorticoid, has been shown to selectively stimulate proliferation of osteoprogenitor cells and to induce rat and human bone marrow stromal cells to differentiate into osteoblasts [16] [17] [18] . Pretreatment of bone explants or bone cells with glucocorticoid in vitro enhances PTH-mediated cAMP production [19, 20] . Although there are several reports on various effects of glucocorticoids on fibroblasts [21] , there is a paucity of information regarding the effect of glucocorticoids on cAMP production in fibroblasts.
PTH-responsive adenylate cyclase activity has been as-sociated with the osteoblastic phenotype, and dexamethasone stimulates osteoblast differentiation. The purpose of this study was to evaluate the ability of Dex to stimulate a population of PTH-responsive cells within the PDL.
Materials and Methods

Supplies
Dulbecco's Modified Eagle Medium (DMEM) and fetal bovine serum (FBS) were purchased from Gibco BRL (Grand Island, NY); Dex, isoproterenol forskolin, and isobutylmethylxanthine (IBMX) were obtained from Sigma Chemical Co. (St. Louis, MO); BSA was purchased from Amresco (Solon, OH); PTH (1-34) and PTH were obtained from Bachem California (Torrance CA).
Cell Isolation and Culture
PDL fibroblasts were cultured as reported in detail previously [11] . Briefly, fibroblasts were obtained from the periodontal ligaments of premolar teeth extracted for orthodontic reasons, After extraction, the teeth were placed in biopsy media (DMEM with 10% FBS, 250 ~g/ml gentamicin sulfate, 5 p~g/ml amphotericin B, 100 U/ml penicillin, 100 ~g/ml streptomycin). Only periodontal ligament attached to the middle third of the root was removed with a scaler to avoid contamination with gingival and apical tissue. The PDL tissues were cut into small pieces, rinsed with biopsy media, placed in tissue culture dishes, and glass coverslips were placed over the tissues to prevent floating. PDL tissues were incubated in biopsy medium in a humidified atmosphere of 95% air and 5% CO 2 at 37~ overnight.
The following day, biopsy medium was replaced with culture medium (DMEM with 10% FBS, 100 U/ml penicillin, 100 ixg/ml streptomycin). After reaching confluency, cells were passaged with 0.25% trypsin-0.1% EDTA. PDL cells were used between the fourth and seventh passage for all experiments.
Treatment of PDL Cells
PDL cells were plated into 24-well plates (50,000 cells/well) and grown to confluence before treatment with either vehicle or Dex. Unless otherwise indicated, PDL cells were treated with vehicle or Dex for 7 days with media replacement every 48 hours. Dexamethasone was selected for this study because it has been reported to be more potent than the many other steroids on glucocorticoidregulated functions of osteoblasts [20, 22] . For cAMP assays, cells were treated with different concentrations of Dex (0-1000 nM) prior to stimulation with PTH (1-34) for 10 minutes. For time course experiments, PDL cells were treated with Dex (0-1000 nM) for 1, 3, 7, and 14 days followed by PTH (1-34) (100 nM) stimulation for 10 minutes. To determine the specificity of the dexamethasone effect on PTH-stimulated cAMP levels, cells were treated with Dex (1000 nM) for 7 days followed by a 10-minute stimulation with calcitonin (1 txM), isoproterenol (1 ~M), forskolin (1 IxM), or PTH (1-34) (100 riM). The cAMP data were standardized to cell number using parallel cultures enumerated by trypan blue dye exclusion and hemocytometer cell counting.
Adenylate Cyclase Stimulation Assay
Adenylate cyclase stimulation was evaluated as previously described by measuring cAMP production by periodontal ligament cells [6] . PDL fibroblasts grown in 24-well (2 cm 2) tissue culture plates were treated with vehicle or Dex for designated time periods and concentrations. At the end of experimental periods, medium was removed and cells were incubated for 10 minutes at 37~ in calcium-and magnesium-free Hank's balanced salt solution (HBSS) containing 0.1% BSA and 1 mM IBMX to inhibit phosphodiesterase activity. PDL cells were then stimulated with different agonists for an additional 10 minutes at 37~ The reaction was stopped by removing medium and adding ice-cold 5% perchloric acid (250 N1) to each well. Plates were frozen at -20~ for a minimum of 2 hours to extract the cAMP. After thawing, pH of the extracts was adjusted to 7.5 with 4 M KOH, and centrifuged to remove the precipitate. The neutralized extract was then tested for cAMP content using a cAMP binding protein assay.
The cAMP binding protein assay was done as described previously [23] with minor modifications [24, 25] , using bovine skeletal muscle as the source of binding protein. Assay buffer (50 mM tris, 5 mM EDTA, 0.2% BSA; pH 7.4), 100 ~t cAMP standards or unknowns, 3 [H]cAMP (10,000 cpm/tube), and cAMP binding protein sufficient to bind 40-60% of the added radioactivity were added to each tube to a final volume of 250 I~1. The tubes were incubated for 90 minutes at 4~ Dextran-coated charcoal (0.5 mg/ml dextran and 5 mg/ml charcoal) was added to each tube (600 p,1), incubated for an additional 30 minutes at 4~ then centrifuged to remove unbound from bound cAMP-binding protein complexes. The supernatant was decanted directly into scintillation vials and counted in a liquid scintillation counter (Pharmacia, Wallac 1410). Samples were run in duplicate and concentration of cAMP was calculated by log-logit transformation (Securia 1.0, Packard, Downers Grove, IL). Data were expressed as pmol cAMP/107 ceils.
Data Analyses
Data were analyzed by one-way analysis of variance with TukeyKramer multiple comparisons test, Dunnett multiple comparisons test, or unpaired Student's t test (Instat 2.0, GraphPAD Software, San Diego, CA). All assays were performed two or three times and representative data are shown. Figure 1 indicates the dose-dependent effect of Dex on PTHstimulated cAMP production in PDL. Treatment of PDL cells with Dex (0-1000 nM) resulted in a dose-dependent increase in PTH-stimulated cAMP synthesis. This response was observed with PDL cell populations obtained from three different patients (Fig. 1 a, b, c) . Dex (10-1000 nM) caused a significant increase in PTH (1-34)-stimulated cAMP production when compared with the basal levels of cAMP for each concentration (PTH-stimulated versus basal). Although Dex caused an increase in basal cAMP production, this increase was found statistically significant at the highest concentrations of Dex only, when compared with control (no Dex and no PTH). The ability of Dex to augment the cAMP response to PTH (1-34) was seen at a concentration as low as 10 nM.
Results
To further characterize Dex's effect on PTH-stimulated cAMP response in PDL ceils, several additional experiments were performed. Figure 2 represents the time course of cAMP response for PTH (1-34)-(100 nM) stimulated (Fig. 2a) and nonstimulated (Fig. 2b ) PDL cells after treatment 1-14 days with Dex (0-1000 nM). The statistically significant Dex effect was first apparent on day 7 when compared with day 1 ( Table 1) . As seen in Figure 2a , there was a progressive and significant augmentation of PTH (1-34) responsiveness of PDL cells with increased duration of Dex treatment. The dramatic increase in PTH (1-34)-mediated cAMP synthesis with 100 nM Dex on day 14 was found repeatedly, in two different experiments, with cells from different donors. There was no statistically significant difference in cell number between control and Dex-treated cultures after 14 days of treatment (data not shown). Dex treatment alone (no PTH) did not cause any difference in cAMP production in PDL cells for the time periods examined (Fig. 2b) . The dose-response effect of PTH (1-34) on stimulation of c A M P in Dex-treated P D L cells is shown in Figure 3 . Dexamethasone treatment increased the sensitivity of P D L cells to P T H (1-34) and this response was P T H (1-34) dose dependent. P T H (1-34)-stimulated c A M P activity was increased in Dex-treated P D L cells at concentrations of 1-1000 nM. Furthermore, there was no significant or dose-dependent augmentation of c A M P production in P D L cells nonstimulated or stimulated with PTH (7-34), a P T H antagonist, after Dex treatment. * P < 0.0001 when compared with non-Dex-treated cultures. Cells were cultured in the presence of Dex (1000 nM) for 7 days, and stimulated with calcitonin (1 txM), isoproterenol (1 ~M), forskolin (1 ixM), and PTH(I-34) (100 nM) for 10 minutes. Unpaired Student's t test was performed for statistical comparisons. Results represent mean +-SEM of triplicate determinations from one of two similar experiments.
Forskolin and isoproterenol have been shown to be potent stimulators of adenylate cyclase. As shown in Table 2 , forskolin and isoproterenol caused a substantial increase in cAMP production following 10 minutes of stimulation. However, neither forskolin nor isoproterenol stimulation were enhanced by Dex treatment. Furthermore, Dex did not alter calcitonin effects on cAMP in PDL ceils.
Discussion
The results of the studies presented here establish that dexamethasone promotes PTH (l-34)-stimulated cAMP synthesis in PDL cells. This result adds important information with regard to characteristics of PDL cells. Glucocorticoids have been reported to augment the cAMP response to PTH stimulation in osteoblastic cells from different species in vitro, and thus the findings of the present study support past studies indicating osteoblast-like characteristics of periodontal ligament cells. PDL contains a heterogenous cell population [26] , with some cells having more osteoblastic properties including high alkaline phosphatase levels, PTH-mediated cAMP synthesis, ability to form mineral-like nodules, and 1,25(OH)2D3-stimulated bone Gla protein synthesis [4, 5, 13] . Glucocorticoid enhancement of PTH (1-34)-stimulated cAMP production in PDL cells is a new example of the presence and induction of an osteoblast-like population within the PDL.
Dex's ability to enhance PTH (1-34)-mediated cAMP response of PDL ceils was extremely reproducible and observed repeatedly in numerous experiments with PDL cells obtained from different donors (Fig. 1) . Furthermore, differences in magnitude of cAMP production measured with the cells from different donors supports the presence of heterogenous cell populations within the PDL.
Exposure of PDL cells to Dex for 1 day did not cause any significant increase in PTH (1-34)-stimulated cAMP production (Fig. 2) . The earliest time period that Dex caused a significant increase in PTH-stimulated cAMP when compared to day l was day 7. Using ROS 17/2.8 cells, it has been reported that the earliest effect of glucocorticoid treatment on enhancing adenylate cyclase was 12 hours [22, 27, 28] . The difference between these findings and our results may be explained by the heterogeneous nature of cultured PDL cells, where only a few cells have osteoblastic characteristics. Another possibility is a difference in the number of receptors for both Dex and PTH in ROS 17/2.8 versus PDL cells. Although cAMP synthesis in response to PTH was dose dependent on days 3 and 7, a biphasic effect was observed on day 14. The PTH-mediated cAMP response by PDL cells was higher in cells exposed to 100 nM Dex than cells exposed to 1000 nM Dex. The reason for this is not clear, but a biphasic PTH-stimulated cAMP dose response curve has been observed previously in human trabecular explant cultures after treatment with Dex [20] .
Human PDL cells responded to PTH (1-34) fragment stimulation with a dose-dependent increase in cAMP production after Dex treatment for 7 days (Fig. 3) . However, stimulation of the cells with a PTH analog, PTH (7-34), did not cause any augmentation of cAMP production following Dex treatment. The portion of the PTH molecule necessary for adenylate cyclase stimulation resides in the first three amino acids of PTH. These data suggest that the Dex effect is dependent on PTH (1-34)-stimulated cAMP synthesis in human periodontal ligament cells.
To further characterize the mechanism of cAMP augmentation caused by Dex treatment and to establish the specificity of the stimulatory effect of Dex on cAMP production, different agents known to stimulate intracellular cAMP synthesis (i.e., forskolin and isoproterenol and as a control, calcitonin) were also used. Glucocorticoid effects on components of cAMP activation have been reported for other cell systems [2%31] . It has been shown that Dex stimulates PTH-responsive adenylate cyclase in ROS 17/2.8 cells by increasing either G s subunits [32] or activity of the catalytic unit [33] . Forskolin, a diterpene, is a well-known cAMP stimulator and has been shown to activate adenylate cyclase, directly stimulating the catalytic unit in intact cells [34] . In the present study, forskolin stimulated cAMP production was unaltered by Dex treatment in PDL cells. In contrast, forskolin stimulation of cAMP synthesis was enhanced by Dex in ROS 17/2.8 [28, 32] and in human bone-derived cells [20] . Isoproterenol, another activator of adenylate cyclase which acts via a separate receptor, was also evaluated. Although isoproterenol did stimulate cAMP synthesis in PDL cells, the isoproterenol effect was not potentiated by Dex treatment. Studies with other cell populations showed an enhanced cAMP stimulation by isoproterenol after Dex treatment [20, 22, 28, 29] . Calcitonin was used as a negative control as we previously reported that it has no effect on cAMP synthesis in PDL cells [6] . In the present study there was no alteration in cAMP levels in Dex-treated PDL cells. This is in agreement with Chen and Feldman [19] who reported Dex potentiation of cAMP production after PTH stimulation but not calcitonin stimulation in cultured rat bone cells.
The unaltered stimulation of cAMP in response to forskolin, isoproterenol, and calcitonin by Dex treatment suggests that the stimulatory effect of Dex is specific to PTH and is a PTH receptor-mediated event. These findings support other studies examining the interaction between Dex and PTH receptors in osteoblast cells. When ROS 17/2.8 cells were treated with glucocorticoids, an increase in the availability of receptor binding sites, but not altered receptor binding affinity, was found [28, 35] . A recent study by Urena et al. [36] reported that Dex dramatically increased PTH/ PTHrP receptor mRNA expression in the ROS 17/2.8 cells.
The results from the present study confirm that PDL in vitro contains cells with osteoblast-like characteristics. Furthermore, Dex enhances PTH responsiveness of these cells by increasing cAMP synthesis after hormone stimulation. Interestingly, Rutherford et al. [37] reported that Dex acts synergistically with platelet-derived growth factor (PDGF) to enhance mitogenic effects of PDGF on fibroblasts obtained from human PDL and gingival tissue. In a recent study, they also observed an increase in periodontal regeneration with new cementum, ligament, and supra-crestal bone formation in periodontal lesions in monkeys treated with PDGF-Dex-collagen matrix combination [38] . These effects of Dex may partly be related to the ability of Dex to trigger cell differentiation in a selected group of cells. Further investigations directed at the mechanism of Dex effects on PDL cells, and synergy between Dex and growth factors may provide a better understanding of the role these cells play in the maintenance and regeneration of the PDL and remodeling of the adjacent bone and cementum.
